ABSTRACT A mere forty years ago it was unclear what motor molecules exist in cells that could be responsible for the variety of nonmuscle cell movements, including the "saltatory cytoplasmic particle movements" apparent by light microscopy. One wondered whether nonmuscle cells might have a myosin-like molecule, well known to investigators of muscle. Now we know that there are more than a hundred different molecular motors in eukaryotic cells that drive numerous biological processes and organize the cell's dynamic city plan. Furthermore, in vitro motility assays, taken to the single-molecule level using techniques of physics, have allowed detailed characterization of the processes by which motor molecules transduce the chemical energy of ATP hydrolysis into mechanical movement. Molecular motor research is now at an exciting threshold of being able to enter into the realm of clinical applications.
Regarding an in vitro motility assay, Dictyostelium, being a phagocytic organism, offered promise. Actin filaments were known to be in the cortex of nonmuscle cells, with their barbed ends at the cell membrane (Ishikawa et al., 1969; Schroeder, 1973) . I fed Dictyostelium small polystyrene beads and isolated the phagocytic vesicles from cell lysates, and found that the vesicles had actin filaments emanating from the membrane-coated surfaces. With great excitement, I tried to establish in vitro motility of these vesicles along myosin-coated coverslips, but directed movements were not readily apparent, and a definitive in vitro motility assay would wait another decade.
THE DISCOVERY OF HOMOLOGOUS RECOMBINATION IN DICTYOSTELIUM
In the mid-1980s, I was considering shifting to a new model system, due to the lack of good genetic approaches for Dictyostelium. In collaboration with Leslie Leinwand, my student Arturo De Lozanne cloned the Dictyostelium myosin heavy chain gene. An interesting set of circumstances then led us to discover homologous recombination in this organism. Arturo disrupted the myosin II heavy chain gene (De Lozanne and Spudich, 1987) and Dietmar Manstein then managed its complete knockout (Manstein et al., 1989) . These discoveries added a pivotal dimension to our research for the next couple of decades. We showed that the Dictyostelium nonmuscle myosin II is essential for cytokinesis, but not for cell migration. The latter was a surprise and a very important observation, since the prevailing dogma was that myosin II drove the forward movement of cells.
Over the following years, Hans Warrick, Tom Egelhoff, Jihong Zang, Sheri Moores, James Sabry, Wen Liang, Doug Robinson, and others in the lab characterized the structure-function relationship of Dictyostelium myosin II in cell division (e.g., Egelhoff et al., 1993; Sabry et al., 1997; Zang and Spudich, 1998; Robinson and Spudich, 2000) . Importantly, having a null myosin II strain, Kathy Ruppel, Taro Uyeda, William Shih, Bruce Patterson, Coleen Murphy, and others were able to use specific mutations in the myosin II heavy chain gene to elucidate how this molecular motor works to transduce the chemical energy of ATP hydrolysis into mechanical movement (Uyeda et al., 1994 (Uyeda et al., , 1996 Patterson and Spudich, 1996; Ruppel and Spudich, 1996; Patterson et al., 1997; Shih et al., 2000; Murphy et al., 2001) . Cathy Berlot, in collaboration with Peter Devreotes, explored the role of myosin II in Dictyostelium chemotaxis (Berlot et al., 1987) , and Meg Titus and Holly Goodson discovered a number of other myosin isoforms in Dictyostelium and Saccharomyces and explored the roles of those isoforms in the biology of those cells Goodson et al., 1996) .
IN VITRO MOTILITY ASSAYS TAKEN TO THE SINGLE-MOLECULE LEVEL
To understand how myosin transduces the chemical energy of ATP hydrolysis into mechanical movement required us to achieve our second goal-develop quantitative in vitro motility assays for myosin movement on actin. In 1979, Susan Brown managed to grow actin filaments on the surface of polystyrene beads with pointed ends out (Brown and Spudich, 1979) ; these were cleaner than the Dictyostelium phagocytic vesicles I had explored earlier, but we still failed to see convincing movement of these actin-coated beads in a myosin-coated surface assay. With Alan Weeds, a sabbatical visitor in 1982, we tried the reverse assay, to orient actin filaments on a surface by flow and watch myosin-coated beads move along them. Actin filaments were attached to a streptavidin-coated surface via barbed-end, bound, biotinylated severin. The filaments were oriented by flow and myosin-coated beads were expected to move upstream. Results were encouraging, but again not robust, probably due to poor orientation of the actin filaments. The lack of actin filament orientation was overcome in 1983, now with sabbatical visitor Mike Sheetz, when we used the well-ordered actin cables in Nitella to observe robust movement of myosincoated beads, the first quantitative in vitro FIGURE 2: A recent Spudich lab group photo, Stanford University. binding site, ∼36 nm in front of the rear head, by Alex Dunn (Dunn and Spudich, 2007) . Other experiments by Ron Rock, Sarah Rice, and Tom Purcell, in collaboration with Lee Sweeney's lab, showed processivity of myosin VI . This study resulted in the biggest challenge to the lever arm hypothesis; the step size was much too large for the presumed structure of the myosin VI dimer. The resolution of this dilemma came partially from experiments by Zev Bryant and David Altman, who showed that the myosin VI lever arm swings a full ∼180 degrees during its powerstroke (Bryant et al., 2007) , and by Ben Spink and Sivaraj Sivaramakrishnan, who showed that the central part of the myosin VI tail is not a coiled-coil, but rather is a stable, relatively rigid, single α-helix, which could allow the dimer to straddle 36 nm along the actin filament (Spink et al., 2008) . The processivity and large step size taken by these two myosin motors allowed detailed characterizations of how they work, and drove home the swinging lever arm hypothesis proposed by Hugh Huxley (Huxley, 1969) .
WHERE DO WE GO FROM HERE?
There is still much to do in molecular motor research. For example, dynein is considerably more complex than kinesin and myosin, and its molecular basis of energy transduction is just beginning to be elucidated. With more than 50 kinesin types and 40 myosin types in most mammalian cells, the protein complexes that organize and regulate how these motors distribute the various cargoes in the cell into the detailed arrangements of the cell's dynamic city plan remain mostly a mystery. My graduate students Dina Finan and Mandi Hartman recently identified a large number of proteins associated with just one of these motors, myosin VI (Finan et al., 2011) . The field is also ready for emphasizing translational research involving the cytoskeleton (Malik et al., 2011) . My laboratory now returns to muscle, this time cardiac muscle. Our goal is to use the many tools we have developed over the last several decades to understand the molecular basis of hypertrophic and dilated cardiomyopathy mutations that affect one out of 500 people in the general population and lead to heart failure and sudden cardiac death. I am fortunate to have a current laboratory group that is every bit as talented, energetic, and enthusiastic as in the previous years, and we look forward to a productive and stimulating period ahead.
motility assay (Sheetz and Spudich, 1983) . This assay allowed Tom Hynes, Steve Block, and Brian White to show that the N-terminal half of the myosin II motor was all that was needed for motility, ruling out some models of contraction (Hynes et al., 1987) . The results from the Nitella assay led me and my new graduate student Steve Kron to push harder to get good orientation of actin filaments in the biotinylated severin filament assay, and in 1985 we published the first demonstration that purified actin and ATP are sufficient to support movement of myosin at rates consistent with the speeds of muscle contraction and other forms of cell motility . An even simpler in vitro motility assay harked back to the use of myosin-coated surfaces, but this time using Toshio Yanagida's pivotal observation in Fumio Oosawa's lab in 1984: individual actin filaments labeled with rhodamine-phalloidin are visible by fluorescence microscopy, and they show increased thermal bending motion of actin filaments in suspension in the presence of myosin and ATP (Yanagida et al., 1984) . In 1985, Steve Kron showed robust directional gliding of individual rhodamine-phalloidin-labeled actin filaments along myosin-coated surfaces at velocities similar to those observed in muscle Spudich, 1985, 1986) . Shortly thereafter, Yoko Toyoshima and others in the lab established that the globular head, or subfragment 1 (S1) of the myosin molecule, is the motor domain (Toyoshima et al., 1987) . Thereafter, all research on how the myosin family of molecular motors transduce the chemical energy of ATP hydrolysis into mechanical motion focused on the S1 head.
Fundamental questions remained, primarily focused on the step size that the myosin takes for each ATP hydrolysis. Various experiments from my lab suggested a step size of ∼10 nm, while similar experiments from Yanagida's lab reported values in excess of 50 nm (for review, see Altman and Spudich, 2005) . A step size considerably larger than 10 nm would compel a model for how the actin-myosin system works different from the prevailing swinging lever arm hypothesis put forward by Hugh Huxley in 1969 (Huxley, 1969 . The large range in reported step-size values probably reflected the difficulty in determining how many myosin molecules were acting on a single actin filament in the Kron in vitro motility assay. So, it became critical to watch a single myosin molecule go through one cycle of its ATP hydrolysis and measure the step size directly. Thus, the Kron assay was refined to the single-molecule level by graduate student Jeff Finer and sabbatical visitor Bob Simmons using a dual-beam laser trap they built in collaboration with Steve Chu (Simmons et al., 1993) . Using the dual-beam laser trap allowed a single actin filament to be lowered onto a single myosin II molecule on the surface for direct observation of the step size (∼10 nm) and the force (∼5 pN) produced during a single cycle of ATP hydrolysis (Finer et al., 1994) .
NONMUSCLE PROCESSIVE MYOSINS DRIVE HOME THE SWINGING LEVER ARM HYPOTHESIS
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